Special attention has recently been drawn to the molecular network of different genes that are responsible for the development of erythroid cells. The aim of the present study was to establish in detail the immunophenotype of early erythroid cells and to compare the gene expression profile of freshly isolated early erythroid precursors with that of the CD34-positive (CD34 þ ) compartment. Multiparameter flow cytometric analyses of human bone marrow mononuclear cell fractions (n ¼ 20) defined three distinct early erythroid stages. The gene expression profile of sorted early erythroid cells was analyzed by Affymetrix array technology. For 4524 genes, a differential regulation was found in CD105-positive erythroid cells as compared with the CD34 þ progenitor compartment (2362 upregulated genes). A highly significant difference was observed in the expression level of genes involved in transcription, heme synthesis, iron and mitochondrial metabolism and transforming growth factor-b signaling. A comparison with recently published data showed over 1000 genes that as yet have not been reported to be upregulated in the early erythroid lineage. The gene expression level within distinct pathways could be illustrated directly by applying the Ingenuity software program. The results of gene expression analyses can be seen at the Gene Expression Omnibus repository.
INTRODUCTION
The molecular network of genes involved in the development of erythroid cells has begun to be better understood for the past few years. [1] [2] [3] [4] [5] [6] [7] [8] [9] The underlying molecular mechanism of erythroid cellular differentiation is a complex process, which is subject to a number of physiological conditions. [10] [11] [12] [13] [14] [15] [16] [17] Most importantly, erythroid differentiation is regulated by the erythroid transcription factor globin transcription factor (GATA)-1, which represses GATA-2 and PU.1 and impacts on early and late differentiation. 18, 19 At the terminal stage of differentiation, the erythroid program is defined by the genes that are still expressed. Their high level of expression depends on specific epigenetic modifications, recruitment of transcription factors and posttranscriptional effects. 20 Extensive studies have demonstrated the influence of various cytokines and growth factors, particularly erythropoietin, on the different stages of erythroid maturation. Erythropoietin transcription depends on such physiological processes as the regulation of transcriptional responses to hypoxia and involves signaling by transforming growth factor-b (TGF-b), which regulates the expression of the erythropoietin gene. 12, 13 Maturation in the erythroid series can be examined through immunophenotyping using multiparameter flow cytometry (FCM). 21 Emerging from the early compartment of CD34-positive (CD34 þ ) progenitors, maturing erythroid cells express various antigens, such as the transferrin receptor (CD71), the thrombospondin receptor glycoprotein IIIb (gpIIIb; CD36), adenosine diphosphate-ribosyl cyclase (CD38) and glycophorin A (CD235a). Most of these markers are not lineage-restricted (CD71, CD36, CD38), or can be found almost throughout erythroid differentiation (CD235a), and their use has proven to be limited to clearly delineate the different stages of early erythroid differentiation, especially for the very immature compartment. The additional use of CD45 and CD105 (endoglin), demonstrating the loss of CD45 and increased expression of CD105 together with CD235a acquisition, has however, allowed to better delineate early erythropoiesis from myeloid committment. 22, 23 At later stages, more mature erythroid cells are further easily defined by blood group antigens. 24 Better knowledge of normal erythroid cell differentiation is mandatory to examine pathological conditions. In this respect, the immunophenotypic profile of pathological erythroid cells deviates from the cells of healthy controls, although the specificity and sensitivity of these findings remain to be clarified. [25] [26] [27] [28] [29] The aim of the present study was to investigate the immunophenotypic profile of distinct stages of early erythroid differentiation. For this purpose, the cellular immunophenotype of freshly obtained and uncultured normal bone marrow (BM) cells was examined beyond the stage of CD34 þ precursor cells and along the erythropoietic lineage by FCM analysis. The CD105-positive (CD105 þ ) erythroid compartment was then separated by cell-sorting, and the gene expression profile of these cells was compared with that of CD34 þ common progenitor cells.
MATERIALS AND METHODS Patients
Fourteen patients who underwent BM aspiration and biopsy in the context of routine clinical practice and six healthy volunteers were included in this study after giving informed consent The patients were suffering from non-Hodgkin lymphoma (n ¼ 8), Hodgkin lymphoma (n ¼ 4), idiopathic thrombocytopenic purpura (ITP; n ¼ 1) or cutaneous mastocytosis (n ¼ 1). Their age range was 37-79 years old (median 53). The samples were obtained at the Division of Hematology and Oncology of the Elisabethinen Hospital, Linz, Austria. The study was approved by the local ethics committee.
All BM samples showed normal cellularity and cell distribution. Pathological alteration was ruled out by cytology, histopathology, cytogenetic and molecular examination. All patients' and volunteers' peripheral blood cell counts were within reference values.
Sample collection and cell separation The reaction of precursor cells with monoclonal antibodies (MoAbs) was evaluated by 8-to 10-color (FACS Aria III; Becton Dickinson, Franklin Lakes, NJ, USA) FCM. For this purpose, a backbone of four MoAbs (APC-CD34, Horizon V500-CD45, Horizon V500-CD105 and PerCP-Cy5.5-CD117; BD Biosciences, San Jose, CA, USA) was established. This backbone was used in combination with MoAbs labeled with Fluorescein isothiocyanate (FITC) (CD11b, CD13, CD33, CD36, CD71 and CD235a), Phycoerythrin (PE) (CD13, CD33 and CD150), eFluor 450 (CD14 and CD123), eFluor 605NC (CD19 and CD45) or APC (CD105 and CD117) from eBioscience (San Diego, CA, USA). PE-Cy7 conjugated anti-CD13, CD38 and human leukocyte antigen-DR (HLA-DR) and Allophycocyanin (APC) conjugated anti-CD34 were purchased from BD Biosciences Pharmingen (San Diego, CA, USA). MoAbs were also obtained from Becton Dickinson (FITC-CD41, PE-CD36 and CD235a, Horizon V500-CD45, Horizon V450-CD105, PerCP-Cy5.5-CD117), IBGRL Research (Bristol, UK: FITC-conjugated CD173, CD233, CD238 and CD239), Biolegend (San Diego, CA, USA: PE-CD105 and CD318) and DAKO (Glostrup, Denmark: FITC-CD61).
FACSDiva software Version 6.1.3 (BD Biosciences) was applied to evaluate multiparameter analyses. A minimum of 300 000 MNC were analyzed in each case studied. The gating strategy and stepwise analysis of antibody reactions are presented in the Results section (Figures 1a-g ).
The immunophenotypic profile of more mature erythroid cells was established by 3-color FCM analysis. For this purpose, a combination was applied consisting of CD45 and CD105 with a third MoAb directed against erythroid-associated structures, and stained cells were analyzed with a FACSCalibur (Becton Dickinson) flow cytometer.
Cell-sorting experiments
Double cell-sorting was performed using the Aria III cell sorter (Becton Dickinson) and FACSDiva software Version 6.1.3 (BD Biosciences). Pure (495%) subsets were obtained by FCM sorting with specific marker combinations. Cytospin preparations were stained with Wright-Giemsa in order to demonstrate the morphological properties of the different sorted compartments.
A sufficient amount of CD34 þ /CD45 weak cells was obtained in seven cases. Pure CD105 þ /CD45 -cells were sorted in 11 cases. As controls, mature CD14 þ monocytes were sorted in six cases.
Gene expression profile
Trizol (Invitrogen, Life Technologies, Carlsbad, NM, USA) was applied for total RNA extraction of pure sorted subsets according to the manufacturer's instructions, with a phenol chloroform step (RNeasy Plus Mini Kit, Qiagen, Hilden, Germany). RNA integrity was confirmed using an Agilent 2100 Bioanalyzer (Agilent Technologies, Santa Clara, CA, USA). Isolated RNA (100-500 ng) was used to produce biotinylated complementary DNA (cDNA). The two-cycle cDNA synthesis and two-cycle target labeling and control reagent kits (Affymetrix, Santa Clara, CA, USA) were applied. Consequently, the cDNA was hybridized to GeneChip Human Genome U133 Plus 2.0 arrays (Affymetrix), following the manufacturer's recommendations. All procedures of isolation, labeling, hybridization, staining and scanning were performed by the microarray analysis core facility of the Transfusion Service of Upper Austria, Linz.
The Affymetrix GeneChip Fluidics Station 450 was used to wash and stain the arrays with streptavidin-phycoerythrin, according to the standard protocol for eukaryotic targets (IHC kit, Affymetrix). Arrays were scanned with an Affymetrix GeneChip scanner 3000 at 570 nm. Intensity values were determined using GeneChip operating software (Affymetrix). The raw intensity values were then normalized by the Robust Multiarray Average algorithm and analyzed using Partek Genomics Suite software (Partek Incorporated, St Louis, MO, USA). 30 Analysis of variance models were used to detect differences in gene expression between cell populations. Genes with a significantly different expression level (Pp0.01; fold change X2.0) were selected. Hierarchical clustering was performed based on normalized expression values of the differentially expressed genes. Networks were generated by applying Ingenuity pathways analysis (Ingenuity Systems, Redwood City, CA, USA). A stringent cutoff (Pp0.01; fold change X3.0) was used to detect differentially expressed genes between CD34 þ and CD105 þ cells for network analyses. These genes were overlaid onto a global molecular network from Ingenuity's knowledge base. Subnetworks enriched by differentially regulated genes were then detected (Figures 5a-c) .
Raw and normalized expression data are available at the Gene Expression Omnibus repository.
Real-time quantitative PCR
Gene expressions observed in microarray were verified for five selected genes from five samples by quantitative real-time PCR. Total RNA was purified from CD34 þ , CD105 þ and CD14 þ subsets using the RNeasy kit (Qiagen) protocol. The RNA concentration and integrity of the samples were assessed by an Agilent 2100 Bioanalyzer using the RNA 6000 Nano Chips Kit (Agilent Technologies). Reverse transcription from 100 ng total RNA was performed using the high capacity cDNA archive kit protocol (Life Technologies). Quantitative PCR was performed using a LightCycler 480 (Roche Diagnostics, Basel, Switzerland) and Taqman gene expression assays (Life Technologies) for KEL (metallo-endopeptidase, Hs00166270_ m1), GATA-1 (Hs01085823_m1), CD36 (thrombospondin receptor, Hs00169627_m1), erythropoietin receptor (Hs00959427_m1), ANPEP (alanyl (membrane) aminopeptidase, CD13, Hs00174265_m1), ENG (endoglin, CD105, Hs00923996_m1), and RUNX2 (runt-related transcription factor 2, Hs00231692_m1). The PCR program used initial denaturation at 95 1C 10 min followed by 95 1C 10s, 601C 45s, for 50 cycles. Standard curves were prepared for each assay to determine amplification efficiency. Expression values of the transcripts were normalized to the housekeeping gene 18S ribosomal RNA (Life Technologies). A calibrator was additionally introduced to normalize all samples within one run. PCR efficiency correction and normalization to the calibrator and housekeeping gene was performed using LightCycler 480 relative quantification software (Roche Diagnostics).
RESULTS

FCM analyses
Twenty BM samples were investigated for FCM. The backbone of CD34, CD117, CD105 and CD45, as illustrated in Figure 1 , associated with other markers, allowed to clearly define the various stages of erythroid differentiation. BM MNCs were first analyzed for CD45, CD34 and CD105 expression respectively (Figures 1a-d Stage C is defined by the appearance of CD235a (Figure 1l ) and disappearance of CD117 (Figure 1k ). CD105 remains highly expressed at stage C but is lost at the terminal stage of erythroid differentiation (Figures 1e-x) .
Relationships between the CD34 À /CD105 þ compartment and mature erythroid cells expressing blood group antigens are shown in Figures 2a-i. Of all tested markers, the expression of the blood group antigen Lu (85 and 78 kDa Lutheran glycoproteins) detected by MoAb BRIC221 31 was found to be the latest antigen to appear during terminal erythroid differentiation. CD36, CD38, CD71 and CD173 showed decreased staining within the mature erythroid compartment, whereas the expression of CD238, CD233, CD235a and CD239 remained stable.
A schematic presentation summarizing the immunophenotypic features of erythroid differentiation is proposed in Figure 3 .
Cellular distribution of the different erythroid compartments Overall, the CD34 þ and CD34 À /CD105 þ compartments represented 0.5% (range: 0.2-0.7%) and 0.9% (range: 0.5-1.6%) of all nucleated MNC, respectively. Within these precursor cells, stage A is the smallest compartment with a mean of 5% (range: 2-8%), whereas stage B has a mean of 14% (range: 8-24%) and stage C is the largest (mean 56%, range: 51-63%). CD34 þ common progenitor cells are also quite abundant with a mean of 25% (range: 18-33).
Cytology of the different cell compartments
The cytology of sorted cell preparations (Supplementary Figure 1) is consistent with typical images of erythroid progenitors.
Gene expression profile of erythroid cells Gene expression experiments concentrated on CD34 þ progenitor cells and the CD34 À /CD105 þ erythroid compartment after sorting freshly obtained BM. Monocytes, separated according to side scatter characteristics and CD14 expression, were used as controls and for the recognition of gene equally regulated in both CD34 and CD105 compartments.
The Venn diagram and overall results of hierarchical clustering are presented in Figures 4a and b. A total of 4524 genes was identified as differentially regulated between the CD34 þ common progenitor compartment and CD34
À /CD105 þ erythroid cells. Significant upregulation was obvious in 2362 genes and significant downregulation in 2172. Quantitative PCR was used to confirm the expression profiles of selected, differentially regulated transcripts (Supplementary Table 1) .
As shown in Table 1 , the increased (CD105, CD36, CD71, CD173, CD233, CD235a, CD238 and CD239) or decreased (CD13, CD33, CD34, CD38, CD44, CD45 and HLA-DR) expression of specific markers detected by FCM was corroborated by microarray analyses. CD117 is expressed at high levels equally in both CD34 þ and CD34 À /CD105 þ populations, but is upregulated in comparison with CD14 þ monocytes. A direct comparison of the mean fluorescence intensity detected by FCM with the gene expression (fold change) is presented in Supplementary Table 2 .
Special attention was then drawn to significant up-or downregulated genes of functional relevance. Table 2 lists the most important transcription factors and their expression levels comparing CD34
À /CD105 þ erythroid cells and the CD34 þ common progenitor compartment. One of the best-defined transcription factors for the regulation of hematopoiesis is GATA-2. As expected, a stage-specific decrease was seen for this gene, which is necessarily downregulated to initiate erythroid differentiation. GATA-2 downregulation is accompanied by that of Pu.1 (SPI1), known to trigger myeloid differentiation as evidenced by the comparison of both CD34 þ cells and CD34 À /CD105 þ cells with mature monocytes. At the same stage of differentiation, a remarkable increase in GATA-1 gene expression can be observed. FOG-1 (Friend of GATA-1), another key regulator for erythroid differentiation, is also upregulated. Eleven genes encoding transcription factors were found to be upregulated in both compartments as compared with the CD14 þ monocytes used as controls.
The search was then extended to significantly regulated genes of different pathways and functionally relevant molecules, including the TGF-b signal transduction pathway (Table 3) . Gene expression levels of a number of other pathways (heme synthesis, iron and mitochondrial metabolism, erythropoietin receptor) are presented in Supplementary Tables S3,S4 . To differentiate erythropoiesis from megakaryopoiesis, this investigation included relevant genes for the latter lineage (Supplementary Table S5) .
Considerable results were obtained for cell cycle-relevant genes and for genes initiating proliferation or apoptosis (Supplementary  Table S6 ). Distinct genes were found to be orchestral-related as confirmed (Figure 5a ) by using the special program Ingenuity software. This demonstrated the influence of transcription factor Dp-1 (TFDP1) on the upregulation of a large number of genes regulating the cell cycle, including E2F-dependent transcription, cyclin E1, retinoblastoma-like 1, cell division cycle 6 homolog and origin recognition complex subunits 1 and 2. This program was also applied to demonstrate a variety of other linked proteins and genes by uploading all data on gene expression levels. Another two pathways with a significant up-or downregulation of gene expression levels are presented in Figures 5b and c. Figure 5b illustrates the relationship between endoglin and the TGF-b receptor/Smad/Smurf pathway. The Smad7/Smurf2 cytoplasmic complex has been shown to inhibit TGF-b and activin signaling by associating with their receptors, thus preventing SMAD2 access. The network of distinct transcription factors linked to heme synthesis is provided in Figure 5c .
Beside the above-mentioned transcription factors, this data analysis revealed upregulation in 723 gene probes of both the CD34 þ and CD34 À /CD105 þ compartments as compared with CD14 þ monocytes. Twenty of these genes with the highest fold change are listed in Supplementary The gene expression level of cultured erythroid cells was recently evaluated according to their stage of differentiation within the erythroid lineage. 4 A comparison of the present study with these results (Supplementary Table S8) suggest that 1259 genes are upregulated not only within distinct stages of erythroid differentiation, but also in comparison to the CD34 þ compartment. As expected, however, a large number of genes was differentially regulated. For example, comparison between the CD34 þ compartment and the CD34 À /CD105 þ erythroid cells includes B-cell precursors in the former and excludes late stage of erythropoiesis in the latter. Therefore, a high number of genes that are responsible for engagement in the B-or myeloid-lineage were included in this study and found to be significantly downregulated. By contrast, a large amount of genes reported by Merryweather-Clarke et al. 4 as having a relevant function at the late stage of erythropoiesis was not found to be differentially regulated by comparing the CD34 þ compartment with CD34 À / CD105 þ early erythroid cells.
DISCUSSION
This study investigated stage-specific changes in the expression level of genes, which are important regulators of early erythropoiesis.
A detailed surface immunophenotypic profile of early erythroid progenitors was first established, using highly sensitive FCM analyses. This approach allowed to delineate accurately the erythroid lineage from the myeloid branch and to define immunophenotypically different erythroid compartments.
The discrimination between early erythroid cells and myeloid precursor cells as well as their exact characterization are of clinical significance, especially in such pathological conditions as myelodysplastic syndromes, in which FCM analyses are of growing diagnostic and prognostic relevance. [25] [26] [27] [28] [29] Here, we provide evidence that the immunophenotype of early erythroid cells can be analyzed in more detail by FCM, which identified three different stages of early erythropoiesis. Emerging from the common progenitor level, a part of the cells differentiate into erythroid cells, which can be first recognized in FCM by the expression of CD105, CD71, CD36 and CD238. With ongoing erythroid differentiation, precursor-associated markers undergo stepwise downregulation, first of CD34 and HLA-DR, followed by CD117. Simultaneously, erythroid-associated structures such as blood group antigens emerge on the surface of the cells. In the present work, special attention was given to endoglin (CD105). The expression of endoglin as a marker for erythropoiesis was first observed by Bü hring et al. 32 Endoglin is a TGF-b coreceptor expressed specifically on endothelial cells, which has been indicated to be similarly important for the development of erythropoiesis. [33] [34] [35] [36] [37] Pimanda et al. 37 have reported in a mouse model that endoglin expression in blood and endothelial cells is differentially regulated via the ETs/GATA hemangioblast code. In this model, Friend leukemia integration 1 (Fli1), GATA-2, Scl (STIL) and to a lesser effect Pu.1 (Spi1) have been shown to be upregulated with ongoing hematopoietic differentiation and to bind to the endoglin hematopoietic enhancers. With the exception of Scl (STIL) gene upregulation, all these genes (Fli1, GATA-2 and Pu.1), which are important initiating regulators for myeloid and megakaryocytic differentiation, 38 were indeed found here to be significantly downregulated in CD105 þ human erythroid cells.It could be that upregulation of these genes in the mouse model takes place at an earlier stage of differentiation, at which endoglin is not yet expressed on the surface of the precursor cells. This is underlined by the finding that absence of the endoglin gene reduces the levels of key transcription factors GATA-2, Scl and Lmo2. 39 In the study by Zhang et al., 39 endoglin was suggested to regulate primitive hematopoiesis by modulating Abbreviations: CBF, core binding factor; DP, dimerization partner; GATA, globin transcription factor; JAK, Janus kinase; MAFK, musculoaponeurotic fibrosarcoma oncogene homolog K; MRE, metal-regulatingelement; NS, not significant; STAT, signaltransducers and activators of transcription. Eleven genes encoding transcription factors were found to be upregulated in both compartments as compared to the CD14+ monocytes used as controls. These genes were marked with '*' .
the activity of the Smad1/5 signaling pathway at early stages of development. CD105 surface expression on erythroid cells is clearly a stagespecific phenomenon. Here, endoglin appeared to be expressed at an early phase of the erythroid lineage, increase at the intermediate stage B, and then progressively decline as erythroid cells mature. Cell-sorting experiments showed that endoglin was expressed up to the stage of basophilic erythroblasts, but not at the terminal stage of erythroid maturation. The underlying molecular mechanisms of endoglin downregulation toward the end of erythroid differentiation are so far unknown. It may be speculated that the decreased transcriptional elongation of the gene could be responsible for this process. Another crucial factor could be TGF-b1, known to be a strong inducer of erythroid differentiation and suppressor of proliferation, 41 as well as a candidate for the initiation of this process via the TGF-b receptor/ Smad axis. This hypothesis was tested using the Ingenuity software program, providing graphic information about protein networks and differentially expressed genes. Indeed, a number of genes were shown to interact significantly with the TGF-b receptor/Smad axis in CD34 À /CD105 þ cells. 42 This pathway may also provide a novel therapeutic field, as a soluble receptor fusion protein consisting of the extracellular domain of a modified activin receptor Type IIB linked to human Fc has recently been shown to reduce anemia in patients suffering from multiple myeloma. 43 Beside this, the molecular study performed here on sorted BM progenitors confirmed a parallel expression of genes and surface antigens, comforting FCM investigations.
Moreover, among 4524 genes differentially expressed between the CD34 À /CD105 þ erythroid compartment and CD34 þ common progenitors, functionally important transcription factors including GATA-1, LMO2, Zinc-finger and BTB domain-containing protein 7A (ZBTB7A) were found to be upregulated, whereas GATA-2, FLI1 and others were found to be significantly downregulated. Eleven genes showing functional activity as transcription factors were equally expressed by CD34 þ and CD34 À / CD105 þ cells. Apart from Myb, none of these genes have a known function within the erythroid series. However, it is remarkable that some of them, such as transcription factors 3 and transcription factor Dp-2 (TFDP2) as well as the activating transcription factor 7 interacting protein 2, [44] [45] [46] appear to mediate either cell proliferation or apoptosis, depending on the context. Likewise, they might control apoptotic pathways (E2F7), 47 modulate embryonic stem cell pluripotency via the metal response element binding transcription factor 2, 48 or act as tumor suppressors via the leucine zipper transcription factor-like 1. 49 Comparison of the expression levels of genes of functional relevance for the erythroid skeleton, heme synthesis and iron metabolism showed, as expected, significant upregulation for most of them in progenitors engaged in an erythroid program.
The data reported here are consistent for many genes with recent reports on gene regulation within erythropoiesis, [2] [3] [4] [5] 50 For example, 1,465 of the genes described by Merryweather-Clarke et al. 4 as differentially regulated were also picked up here. However, some differences emerged, which may be explained by the use of different methodologies. Indeed, Merryweather-Clarke et al. 4 concentrated on erythroid cells at different stages of differentiation, while we compared CD34 þ and CD34 À /CD105 þ cells, therefore concentrating on early erythroid commitment. Furthermore, Merryweather-Clarke et al. 4 used erythropoietinstimulated cells, whereas we used freshly sorted unmanipulated cells.
The Ingenuity program further allowed us to focus on selected networks with known functions, such as the GATA-2 and endoglin pathways. Surprisingly, a distinct part of the cell cycle regulation was the pathway with the highest ranking for upregulated genes when comparing CD34 À /CD105 þ cells to the CD34 þ common progenitor compartment. This included transcription factor DP-1 (TFDP1), cyclin E (CCNE1), cell division cycle 6 homolog, origin recognition complex 1, retinoblastoma-like 1 and aurora kinase B. In summary, this study establishes the immunophenotypic features of erythroid progenitors along three stages of maturation. Freshly obtained and separated CD34
À /CD105 þ early erythroid cells, evaluated for their gene expression profile in comparison with the CD34 þ common progenitor compartment, allowed to observe a high number of differentially regulated genes. Although the function of some of these genes is as yet unknown, relevant functional pathways were nonetheless illustrated directly with the Ingenuity software program. These findings provide new information on the mechanisms and regulation of erythropoiesis and might find diagnostic/clinical applications in refractory anemia.
